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Abstract 
Actual static and dynamic response of a newly constructed composite steel-concrete railway bridge with a single span of 32 m is 
investigated. The main objective of this investigation was to increase knowledge on the actual behavior of new innovative structure using 
field load testing and numerical simulation. Static and dynamic loads were applied by using two heavy locomotives 2M62 with the total 
load of 2328 kN. Five dynamic tests were conducted at speeds varying from 20 to 100 km/h. The outcomes of the static tests were 
maximum displacements of the bridge deck and that of dynamic tests were vibration characteristics, and in particular modal parameters 
such as vibration mode shapes, frequencies, damping ratios as well as dynamic amplification factors. Results of these investigations are 
presented in this paper. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
In many countries composite structures of steel and concrete have been widely used in construction of railway bridges 
[1], [2] including and high-speed lines [3], [4] due to savings mainly of construction time and costs. One of the types of 
steel-concrete composite bridges is composite deck systems with partial-depth or full-depth precast units [5]. During the last 
decencies number of investigations has been carried out with the aim to evaluate overall performance of new or retrofitted 
composite railway bridges, to update the theoretical bridge structure models. Although, further research and study are still 
required in the present subject [6]. Field load testing of newly constructed bridges along with numerical simulation is a very 
efficient way for validation of design conceptions and is always of particular interest. 
In Lithuania new bridges are designed according to Eurocodes (LST EN) started from 2000. The main problem facing 
the railway bridges is that national and EU territory railway networks operate to different track and load standards. Recently 
constructed bridges on Lithuanian railways designed using load models specified in EN and operated with different from 
European track standards must be subjected to more precise analysis through field load tests.  
In the present study steel-concrete composite railway bridge with partial-depth precast deck panels and cast-in-place 
concrete was investigated. The attention was focused on short-term static and dynamic monitoring of new innovative 
structure with the aim to check the performance of the structure and to calibrate a FE model of the bridge that can be used 
for further simulations. Field tests and numerical simulations were conducted using excitations induced by two test 
locomotives passing at different speeds. Results of these investigations are presented in this paper. 
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2. Railway bridge and instrumentation program 
The railway bridge (Fig 1) was constructed in the railway line Kaunas–Kybartai over Šešupė River in the South-West of 
Lithuania and opened for traffic in 2012. The bridge is 52.4 m long and 11.82 m wide and has a single span with a length of 
32 m. The bridge deck carries two ballasted railway tracks. 
 
Fig. 1. Side view and elevation (a) and typical cross-section (b) of the bridge 
The structural system of the bridge consists of composite steel-concrete deck rigidly connected with the massive 
reinforced concrete abutments. Elimination of bearings and expansion joints leads to savings during construction and long-
term maintenance operations. The massive abutments are supported by piles arranged in two rows resulting in rigid frame 
structure. The deck is composite of prefabricated concrete modular deck panels of 150 mm thick, placed on the six welded 
plate steel beams and cast-in-place concrete slab of 380 mm thick. The connections between steel girders and concrete are 
made using shear connectors. The bridge was designed in accordance with the Eurocode specifications (LST EN) for 
composite steel-concrete bridges. 
 
Fig. 2. Locomotives 2M62 used for test loading 
Field tests of the bridge were conducted using excitations induced by two locomotives 2M62. The locomotives had a 
total weight of 2328 kN and 12 axles with distances shown in Fig 2. The field tests consisted of measuring the 
displacements during static tests and accelerations and displacements during dynamic tests. Test setup is presented in Fig 3. 
To measure static vertical dipslacement, linear variable differential transducers (LVDT) of 0,15% precision (IL1–IL6, see 
Fig 3) were placed beneath the soffit of each girder at mid-span. Displacements were automatically recorded using Ahlborn 
measuring system and software program Win-Control. Dynamic measurements and analysis were conducted using 
Brüel&Kjær LAN-XI 16-channel data acquisition system and software program Pulse. Seismic accelerometers were placed 
in vertical and horizontal directions at mid-span of the bridge (DK1vh, DK2vh, DK3v, DK4vh, DK5v and see Fig 3). 
Additional accelerometer DK5v has been introduced to identify higher-order modes. All static and dynamic tests were 
conducted during the same day, when the temperature was around +8–10 °C. 
3. Finite element modeling 
Simplified finite element (FE) analysis was performed to assess vertical displacements of the bridge deck under static 
loading and modal characteristics under dynamic excitations. In the numerical analysis commercial finite element software 
Staad.Pro was used. FE model, shown in Fig 4, was considered in a plane stress state. This model simplifies the three-
dimension action of real structure. Present FE analysis has employed linear elastic behavior for steel and reinforced 
concrete. To simplify the analysis, only steel-concrete bridge deck with rigid supports at both ends was modeled. Behavior 
of the abutments has not been taken into account as they did not undergo any significant displacements during the field test 
(horizontal displacements of the Abutment 1 were measured during the test). 
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Fig. 3. Test setup of the bridge: IL1-IL6 – linear variable differential transducers (LVDT) in vertical direction, DK1vh, DK2vh, DK4vh – seismic 
accelerometers in vertical and transverse horizontal directions, DK3v, DK5v – seismic accelerometers in vertical direction 
4. Finite element modeling 
Simplified finite element (FE) analysis was performed to assess vertical displacements of the bridge deck under static 
loading and modal characteristics under dynamic excitations. In the numerical analysis commercial finite element software 
Staad.Pro was used. FE model, shown in Fig 4, was considered in a plane stress state. This model simplifies the three-
dimension action of real structure. Present FE analysis has employed linear elastic behavior for steel and reinforced 
concrete. To simplify the analysis, only steel-concrete bridge deck with rigid supports at both ends was modeled. Behavior 
of the abutments has not been taken into account as they did not undergo any significant displacements during the field test 
(horizontal displacements of the Abutment 1 were measured during the test).  
 
 
Fig. 4. Finite element model of bridge deck 
5. Static behavior of bridge 
Static displacements of each girder of the bridge deck were induced by slowly moving of the locomotives 2M62 at the 
speeds 3-5 km/h. Such quasi-static loading were repeated several times by moving of the locomotives in different directions 
(Kybartai–Kaunas and Kaunas–Kybartai). Typical examples of vertical displacements at the mid-span of the deck are 
presented in Fig 5. As seen in Fig 5, the results achieved during different quasi-static tests are very similar. Average 
maximum deflection of the bridge deck were recorded at the mid-span of the girder 1 and was 4.15 mm or only 1/7710 of 
the span, which is under allowable value of 1/600 imposed by codes. For the accuracy of the results, locomotives were 
steady placed in four different positions along the bridge. The results achieved were similar to that in quasi-static tests.  
Theoretical value of the maximum deflection obtained using FE analysis was 4.34 mm giving relative deflection 
Δ = δth/δexp = 1.05. Good agreement between the theoretical and test results can be stated. 
6. Dynamic behavior of bridge 
The dynamic characteristics of the bridge were measured directly from its dynamic response to the moving two 
locomotives at the speeds 20, 40, 60, 80, and 100 km/h. The maximum speed is approximately 1, 2 times the permissible 
speed for the given railway line section. The outcomes of dynamic tests are accelerations, mode shapes, frequencies, 
damping ratios, dynamic displacements, and dynamic amplification factors (DAF).  
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Fig. 5. Static displacements recorded by LVDT IL1–IL6 under quasi-static loading: moving of locomotives 2M62 in directions: Kybartai–Kaunas (left) and 
Kaunas-Kybartai (right) 
The bridge response to dynamic excitation was measured as acceleration-time records. The measured acceleration 
response was filtered with a 30Hz low-pass filter (according to LST EN 1990/A1/AC). Frequency contents are obtained for 
all recordings by Fast Fourier Transform (FFT). Resonant frequencies are directly obtained using pick picking method. The 
sampling frequency was set at 200 readings per second. The investigated frequency interval was selected based on 
preliminary FE simulations and impact load testing of the present bridge [7] as 0–20 Hz from which more than three 
vibration modes could be identified (LST EN 1990/A1/AC). The tests were repeated twice in each direction for the two rail 
tracks. 
Modal properties. As an example Fig 6 demonstrates the acceleration measurements taken at 20 and 100 km/h passages 
of the test locomotives. Before locomotives reach the span and when they left the bridge the vibrations are transmitted by 
continuous rails, ballast, backfill and foundations and the free vibrations of the deck occur. During the passage of the 
locomotives over the bridge forced vibrations are induced. The increase in dynamic excitations with increasing speeds also 
can clearly be seen. The distribution of the maximum vertical accelerations versus test loading speed is plotted in Fig 7. As 
can be seen, vertical accelerations of the girders increase with the locomotives speed. The highest vertical acceleration 
measured by the accelerometers on the girders at the mid-span is 0.452 m/s2 and maximum lateral acceleration is 1.260 m/s2 
for the highest measured speed of 100 km/h. 
Confident extraction of bridge modal parameters, based on forced vibration tests, is quite difficult due to present of the 
noise principally induced by passing locomotives. The higher relative noise level is evident in the case of slower speed 
(Fig 6). Based on preliminary FE simulations and impact tests of the present bridge, three dominant vertical vibration 
frequencies of about 5.24-5.53; 6.24-6.67 and 16.1-17.0 Hz for all the speeds considered can be extracted. Although, some 
secondary peaks may appear near the resonant peaks as well. Statistical properties of resonant frequencies and mode shapes 
extracted from test locomotives are presented in Table 1. 
Natural frequencies and mode shapes extracted from locomotive-induced free vibration phase (typical example see Fig 8) 
along with their statistical properties are presented in Table 1. The difference between frequencies of forced and free 
vibrations is due to the added mass from the locomotives and decrease in ballast stiffness. The frequency spectrum showed 
in Fig 8a revealed five clear peaks at 5.49, 6.49, 14.24, 15.74 and 16.98 Hz in the frequency range 0 to 20 Hz corresponding 
to the natural frequencies of the superstructure. In the lateral direction (Fig 8b) only two peaks appear (at 6.63 and 
17.03 Hz) with the dominant frequency of 17.03 Hz. The first natural frequency (5.49 Hz) satisfies lower and upper limits 
(3.93–9.86 Hz) specified in LST EN 1990/A1/AC.  
The modal damping ratio computed only for the first fundamental bending frequency using relatively simple logarithmic 
decrement method is Xζ=1.916%; σζ=0.275%; COVζ =15.94%. 
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                (a) 
 
 
               (b) 
Fig. 6. Examples of vertical acceleration time histories and Fourier amplitude spectrum during the passage of test locomotives on the track I: 
(a) v=20 km/h; (b) v=100 km/h (accelerometers DK1-DK4) 
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Fig. 7. Vertical acceleration at mid-span section due to the passage of test- locomotives on the track I 
Table 1. Resonant forced and free vibration frequencies induced by test locomotives 
 Statistical 
characteristics 
Vertical vibrations Lateral vibrations 
1 2 3 4 5 1 2 
Forced vibrations x Hz 
σ
x
Hz 
COV, % 
5.36 
0.14 
2.65 
6.46 
0.16 
2.45 
- 
- 
- 
- 
- 
- 
16.56 
0.35 
2.11 
6.48 
0.074 
1.14 
16.47 
0.37 
2.24 
Free vibrations x Hz 
σ
x
Hz 
COV, % 
5.49 
0.03 
0.54 
6.52 
0.08 
1.16 
14.05 
0.55 
3.88 
15.50 
0.34 
2.16 
16.88 
0.12 
0.71 
6.65 
0.16 
2.38 
16.82 
0.21 
1.25 
 
(a) 
 
(b) 
Fig. 8. Measured vertical (a) and lateral (b) acceleration time histories and corresponding frequency spectra from the response of structural vibrations, 
when the locomotives have left the span 
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Dynamic displacements and DAF. Fig 9 demonstrates the dynamic vertical and lateral displacement measurements at 
mid-span taken at different passages of the test-locomotives. The highest vertical displacement measured is 1.1 mm and the 
highest lateral displacement is 0.48 mm for the highest measured speed 100 km/h. The increase in dynamic displacements 
with increasing speed can be clearly seen. The maximum deflection at the mid-span of the bridge deck under test-
locomotives is about 1/6150 of the span. Fig 10 presents an example of the vertical deck dynamic displacements obtained by 
accelerometers DK1v-DK4v for two locomotives speeds. 
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(a)                                                                              (b) 
Fig. 9. Maximum vertical (a) and lateral (b) dynamic displacements at mid-span due to the passage of test- locomotives on the track I 
 
(a)                                                                                                                          (b)  
Fig. 10. Vertical dynamic displacement time histories of the deck girders at mid-span section due to the passage of test-locomotives at 40 km/h (a) and 
100 km/h (b) speeds 
Having maximum static deflection of the deck girders from the static tests and measured dynamic displacements from the 
dynamic tests real impact factors were computed for every speed of locomotives. Lithuanian standard LST EN presents 
simplified impact factor expression for real trains in the form 1+φ. Experimental values of the dynamic amplification factors 
calculated for all test locomotives speeds are compared with the values derived from the standard method and are presented 
in Fig 11. In bridge design the impact factor Φ3 = 1,23 < (1+φ)max = 1,268 (3,1%). 
Comparison of measured results with the results of FE model. Numerical model (Fig. 4) shows that there are 5 resonant 
modes of vibration with frequencies below 20 Hz as can be seen in Table 2. The experimental results were compared with 
those obtained by the FE model. As variation of experimental frequencies of the different tests was relatively low (see Table 
1) the mean values were used for comparison. As seen in Table 2, the difference between predicted vibration modes from 
FE model and real vibration modes varies from 0,7% to 9%. Mode shape vectors are shown to yield good correlation for the 
first three modes (Table 2, Fig. 12). The higher experimental natural frequencies for higher-order modes as a result of higher 
stiffness of the structure are due to number of reasons, including, for instance, the increase in concrete E-modulus with age, 
the rigidity of track (continuous rails), ballast and etc. that are not taken into account in the FE model. 
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Fig. 11. Values of DAF versus test- locomotives speeds 
                               Table 2. Comparison between natural frequencies obtained experimentally and by FE modeling 
Mode Frequencies (Hz) Δ = fFE/fexp Mode type 
Test FE 
1 
2 
3 
4 
5 
5.49 
6.52 
14.05 
15.50 
16.88 
5.45 
6.32 
13.81 
14.10 
15.33 
0.993 
0.970 
0.983 
0.910  
0.910 
bending (1st) 
torsion (1st) 
bending (2nd) 
combined bending-torsion (1st)  
torsion (2nd) 
 
Mode Shape 3Load 1 :  
(a)                                                             (b)                                                                  (c) 
Fig 12. Vibration modes obtained by finite element analysis: (a) 1st bending mode (fFE=5,45 Hz); (b) 1
st torsion mode (fFE=6,32 Hz);  
(c) 2nd bending mode (fFE=13,81 Hz) 
7. Conclusions 
This study investigates the field performance and numerical modeling of a newly constructed composite steel-concrete 
railway bridge with a single span of 32 m tested under static and dynamic loads using two locomotives with the total mass 
of 2328 kN. The following conclusions can be drawn from the present study: 
• Average maximum static deflection of the bridge deck was recorded at the mid-span of the girder 1 and was 4.15 mm 
or only 1/7710 of the span, which is under allowable value of 1/600 imposed by codes.  
• Theoretical value of the maximum static deflection obtained using FE analysis was 4.34 mm giving relative deflection 
Δ=δth/δexp=1.05. Good agreement between the theoretical and test results can be stated. 
• The first five experimental mode shapes and corresponding natural frequencies below 20 Hz (5.46; 6.52; 14.05; 15.50 
and 16.88 Hz) of the bridge deck under the test-locomotives excitation were identified. The maximum vertical 
acceleration is 0,452 m/s2, the modal damping average ratio of the first fundamental bending mode is Xζ=1,916%. The 
experimental maximum value of the dynamic amplification factor for test- locomotives speed of 100 km/h is slightly 
above the theoretical value [ (1 + φ)max = 1,268>Φ3 = 1,23]. 
• In Lithuanian standard LST EN 1991-2/AC the first natural frequency of the investigated railway bridge should be 
within the limits 3,93-9,86 Hz; the maximum peak vertical acceleration are limited to 3,5 m/s2, the critical lower 
damping ratio for composite decks to 0,5%. It is evident that these limitations compared with obtained experimental 
data are underestimated.  
• The predicted frequency response of the bridge deck by a simplified FEM analysis was compared to the measured one. 
Despite both the complexity of composite structure and simplifying assumptions of the model, identified modal 
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frequencies in the frequency range of 0-20 Hz showed relatively good agreement. FE model has less than a 9% error 
and less than a 3% error at predicting the frequencies in the basic frequency range (including at least three first modes). 
Numerical simulation results showed that the free decay phase after excitation yielded results that were consistent 
enough to be used for modal identification. 
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